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Introduction
Basic breakthroughs in science, engineering, and measurement technology have brought fire testing to its current state of maturity. It has been a long and slow process that has seen several significant periods of growth. This growth in fire knowledge is associated with developments from a small number of scientists and engineers. The complete understanding of fire and its behavior in the wide range of environments awaits discovery and will be accomplished by future generations. Currently, there is still much to be learned about fire and much yet to be done with the development of and application of fire test methods. This treatise provides a history of the science that supports present work, the development of tools that make the study of fire possible, and the development of fire test methods that reflect the state of present day technology. The work is not meant to be a complete and comprehensive dissertation on the development of fire test methods but is an attempt to highlight significant contributions that have influenced the development of fire testing, in North America. Additionally, this paper provides insight into new opportunities for future studies and into the possibilities for development of future fire test methods.
The First Study of Fire
The quest for understanding the properties of fire has been a part of our experience since the first primitive human viewed the glow of a flame potentially 2.5 million years ago, during the Paleolithic Period. Since these early observations, humankind slowly developed the knowledge to use and understand fire. This early period of learning about fire took place during a time before written records were established; therefore, further meaningful discussion only allows it to be addressed hypothetically. However, a simple model may be applied to understanding the learning experience early human's had with fire. This simplistic model involves remembering how we as individuals learned about fire as we grew from infancy. We likely first saw a fire at a very early age. It may have been in the wilderness, which would have been the case of early humans. But, in our period of what we call modern times, it was likely a fire inside our homes, a stove, a fire place, or the first candle on our birthday cake. We were intrigued by the glow, the subtle wavering of the flame, and the flame's soft transparent image. We wanted to put our finger in it, touch it, and feel what it was like, and if we were not watched over carefully by an older knowledgeable human, we would conduct our first fire test. Within a split second our first fire test would have achieved results, as we squealed with pain. But, our very first fire test was successfully completed, and we learned that fire was what we call hot and can seriously injure a human. With this experiment we also discovered heat, but we did not understand it. The first fires that early humans saw were likely created by nature, areas ignited by lightning or if they lived in a volcanic region, fires ignited by lava. As with the curious child, these early humans wanted to know more about fire.
They may have also observed that fires could be extinguished by rainfall (the first discovery of sprinklers) or stopped by flowing streams. Also, early in the process these humans likely learned how to move fire from one location to another without being burned. With this knowledge, humankind has now developed the concept of using fires, and they understood that there were unwanted fires that may destroy them or fires that they could bring home to help warm their shelter. Even though they did not understand that air contained oxygen needed for combustion, they had developed the knowledge that heat combined with fuel would produce a fire. They understood two sides of the basic fire triangle. This knowledge led to humans actually being able to produce fires as they needed them and established the basis for working with fire that has continued for thousands of years. This primitive physical science knowledge of heat and fire combined with a growing knowledge of mathematics set the stage for the revolutions that led to the development of fire tests. It is clear that humans were not only using fire for domestic purposes during early written history but they were clearly conducting fire tests to develop weapons systems. It has been learned that "Greek Fire" was used in warfare during the seventh century, and the Chinese developed and used flame-throwers in the tenth century.
1, 2 This document will not address fire tests as they may have been applied to the development of military weapons; it will focus on the history of the development of fire tests used to provide protection for humans and property.
Mathematical Foundations of Fire Testing
Before addressing the specifics associated with fire testing, it is appropriate to briefly highlight the advancements in mathematics that have made fire testing possible. The development of the Arabic numbers system, arithmetic, algebra, geometry, trigonometry, and the calculus provided the most basic tools for studying fire. These mathematical tools, as they were developed, have been applied throughout the centuries to the study of fire behavior. These types of clocks are commonly found throughout current day fire test laboratories.
Modern clocks, either mechanical or electronic, represent an indispensable tool that is necessary for modern fire testing.
Scientific Foundations of Fire Testing
Science and technology that provided the foundations for fire testing were developed during a period from the 16 th Century through the 18 th Century.
Combustion Processes -What is a flame?
One of the first detailed efforts that became widely published relative to describing the burning process occurred in about 1825 with a series of children's lectures by Michael
Faraday at the "Royal Institution of Great Britain." He produced at least six lectures that made up the series entitled, "Chemical History of a Candle." These Royal Institution lectures during the 1820s provide insight into what was known about combustion and fire, at the time. 4 In 1885, Mallard and Le Chatelier published their work providing more detailed analysis of combustion processes proposing that it is the propagation of heat back through layers of gas that is the controlling mechanism in flame propagation.
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Work created by these and other early pioneers in fire science have been followed by numerous 20 th Century researchers who further defined the combustion processes and properties of a flame that are being used in current fire test methods.

Temperature
The great Italian astronomer "Galileo" realized that there was a need to measure heat and in 1593 developed the thermoscope. Note: Sketches and photographs presented in this document were drawn or taken by NBS/NIST personnel.
This instrument was not practical for measuring temperatures produced by fire but provided a tool for studying the effects of temperature change. About 120 years later, in 1714, a German instrument maker Gabriel Fahrenheit invented the mercury-in-glass thermometer. 8 With this instrument he also developed the Fahrenheit temperature scale.
However, a temperature scale developed in 1742 by a Swedish astronomer, Anders
Celsius, became the most widely used temperature scale for fire testing, originally the Centigrade scale, now the Celsius scale.
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Heat and Thermodynamics
The concept of heat was not understood well until the late 1700s. The issues associated with light were not resolved until the early 1900s when J. Clerk
Maxwell determined that light was related to electromagnetic waves, and Max Planck explained details associated with light radiation. 9 With this, the achievement in physics that is now regarded as "classical physics" was established and the electromagnetic spectrum was unified showing that light, radiant heat, X-rays, and radio waves were found to be made up of electromagnetic waves differing only in wavelength and frequency.
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Additionally, it was found that light could also exist as photons or extremely small particles as proposed by Newton. 9 However, a deeper discussion of quantum theory is not necessary for this essay on fire testing. These findings when combined with heat transfer knowledge paved the way for understanding and measuring thermal radiation.
Fluid Dynamics
Finally, in the early 1700s, the study of fluids led Daniel Pitot tubes have been extensively used in fire testing, but can experience significant problems when exposed to high intensity and smoky fires.
The above mathematical, scientific, and engineering breakthroughs provided a sound foundation for the first revolution in fire testing.
First Revolution in Fire Testing -Measurement Tools and Necessity
The understanding of temperature and heat flow discussed above established the foundation for the scientific and engineering revolution that followed. This revolution that led to modern fire testing did not begin until relatively recently, in the 19th Century, when the basic tools were developed that allowed for the measurement of temperature and heat flow. More importantly, this first revolution period also included the development of technologies that allowed for the remote measurement of temperatures and heat flow. Since attempts to measure fire carries significant risks related to life and safety it is imperative that the measurement of fire behavior be done remotely. The ability to remotely measure fire phenomena brought fire testing into this period of discovery and development. Discoveries such as the "thermoelectric effect" and thermodynamics led to the creation of tools for calorimetry, providing for the measurement of temperatures and heat flux.
In the early to mid-1800s, numerous researchers were working on processes in physics that led to the development of the thermocouple. Boltzmann. 16 These two devices, the thermocouple and copper calorimeter, opened the way for making remote measurements of temperature and heat flow during fire tests.
As mentioned earlier, there is a need in fire testing to remotely measure the flow of fire 18 This measurement device, the "bidirectional probe" developed in the 1970s, has had a subtle but significant impact on fire testing. The "bidirectional probe" has made it possible to measure flows in both directions through doorways with one instrument, and the rugged nature of the device allows it to be used to measure very low gas flow rates or measure high gas flow rates produced by intense fires.
Additionally, the measurement device is less likely to be affected by dense smoke. The bidirectional probe coupled with modern pressure transducers and data logging systems have solved a major problem, and it allows for the accurate measurement of gas flows for a wide range of fire test conditions.
Fire Test Development
Although fire has been a point of scientific study for thousands of years the development of scientifically based fire tests for buildings and occupant protection appears to be less than 300 years old. The earliest references found for this paper related to fire safety tests showed This thesis will now focus specifically on fire test method development in North America. In many cases, fire test methods were being development in other parts of the world, primarily in Europe and Asia. This paper will not attempt to address all of these efforts; however, it should be noted that some of the fire test development work carried out in North America reflected efforts that were also underway in other parts of the world. Furthermore, it should be noted that many fire test methods similar to the ones described in this document were also developed by non-ASTM (American Society for
Testing and Materials) standards bodies, both North American and international organizations. In order to keep the history simple, attempts have been made to address the initial development of a fire test method, and to associate the test with the standards organization that initially adopted the method. The complex developmental history for some fire test methods has made it difficult to accurately present a simple history.
Major Fires Identify Needs
One of the primary driving forces in North America associated with the development of fire test methods was the numerous large fires that destroyed large portions of major cities. These fires were greatly responsible for the development of fire test methods, the standardization of those methods, and the enforcement of building codes based on the test methods. Some of these fires were the great fires of New York City (December 16, equally as important, the use of sprinklers inside buildings implies that fire protection professionals of the period recognized that building contents were an important part of the fire growth problem. However, this concept was not articulated in any of the early reference materials studied for this paper. These documents typically focused on the sprinkler systems and fire performance of structural components. 
Second Revolution in Fire Testing -Data Recording Machines/Knowledge Growth
The second revolution in fire testing began during the early part of the twentieth century and was based on the ability to use machines to automatically and remotely record fire test data. This advancement in data recording allowed detailed study of quantitative transient fire behavior. Therefore, fire researchers of the period had the ability to more accurately measure fire behavior which supported a rapid acceleration in fire dynamics knowledge. During this same time period, fire researchers throughout the world were applying this new knowledge to improve scientifically based fire test methods and standards.
Early Small-Scale Fire Tests
From the above discussion it would appear that the only fire tests being developed were Traditionally, flooring used in commercial buildings, hospitals, nursing homes and other public buildings were made from wood, vinyl asbestos tile, terrazzo, and linoleum.
These materials had little affect on fire growth and the spread of fire in a building.
However, in the 1950s and 1960s carpet became competitive with the traditional flooring and gained popularity. As this occurred, some fire officials became concerned about the possibility that carpet helped to spread fire throughout buildings. 37 As a result, in 1965, efforts were made to study the flame spread phenomenon associated with carpet, and by A modified version of the E648 test method has also been applied to the measurement of flame spread from thermal insulation materials and was adopted in 1983 as ASTM E970.
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Smoke and Fire Toxicity Test Methods
The effects of smoke from fire were likely recognized to be a problem by early humans who may have been exposed to it from fires in their environment. It was surely apparent to early humans when they stood down-wind of a fire used for cooking, light, or protection. It can be visualized from one's own experience at a camp fire that smoke likely irritated the eyes of these early humans, and they likely rationalized that smoke could be harmful. In 1823, the danger of smoke inhalation during fire fighting aboard photo-electric cell that measured smoke production; additionally, the documentation for the test method stated that gas samples could be withdrawn from the vent pipe for determining toxicity and other properties. 46 Finally in 1964, a report was published describing the first fire test method that specifically attempted to address smoke hazards. 47 This test (developed by the Rohm and Hass Co., of Philadelphia, PA) was designed to measure smoke density in relationship to a human's ability to view an exit sign in a smoky environment produced by a burning test material. In 1966, the U. S. 
Figure 4 NBS Smoke Chamber (left) & Sketch of Toxicity Test Chamber (right).
From the earlier discussion, the fact that combustion products from fire are toxic has likely been known for thousands of years. However, many of the scientific tools and the knowledge needed to explain why smoke and combustion gases are toxic were not 
Heat Release Rate Calorimetry
In the 1950s, the study of fires and fire growth identified that the burning rate and heat release rate of materials were critical factors associated with fire growth. The study, by "Space-distribution of energy release rate." 58 These two efforts helped to raise the status of heat release rate calorimetry to a high level of importance.
Major strides in heat release rate calorimetry were not made in North America until the early 1970s. Two efforts were underway at this time. One was led by E. E. Smith of Ohio State University and the second was led by W. J. Parker of the U. S. National
Bureau of Standards. 59, 60 The "Smith Calorimeter or Ohio State Calorimeter," operated through measurements using differential thermocouples in the combustion product gas flow, and the "NBS Calorimeter," operated as a constant temperature device with the proportional lowering of a metered auxiliary combustion gas flow equaling the heat release of the test specimen. 60 Data from these two systems were gathered by strip chart recorders, and the heat release rates would be determined from the data following the test. 
Third Revolution in Fire Testing -Computer Data Collection/Analysis Tools
The third revolution in fire testing (measurement technology) occurred in the last half of the twentieth century with the development of affordable desktop digital computers, data logging, computer aided data analysis, and scientifically based predictive models.
Through acquisition of quantitative time-related data, digital computing has opened the theoretical world that provides insight into the subtle features of fire dynamics and provides a means for developing a greater understanding of fire test method performance.
These computer based advancements led to new test methods that likely would not have been possible without the development of these innovative tools. Today, many fire tests are conducted using high-speed, data-logging, lightweight, portable computers that are more powerful than many room size mainframe computers that were being used less than 20 years ago. These tools have spurred a growth in fire physics and fire chemistry knowledge which has allowed for the rapid development and validation of fire theory, fire models, and fire tests methods based on the new capabilities. One of the significant advancements emerging from this revolution was the development of oxygen consumption calorimetry. (Figure 5 )
Figure 5 Photographs of strip chart recorders (left) and computer terminal (right).
Note in the figure above, the two strip chart recorders are taking temperature data from the combustibility furnace located to the right. Also, the computer terminal shows data sets being recorded from an oxygen consumption calorimeter fire test.
Oxygen Consumption Calorimeter Heat Release Rate Test Methods
In 1977, Beason and Alvares of Lawrence Livermore Laboratory reported that they experimented with a procedure using oxygen consumption to study the burning of wood and plastic cribs in a room with limited room ventilation. 
Fire Test Methods Addressing Furniture Ignition and Bedding Fires
Over the decades during the 1800s and 1900s, it was widely known that smoking of tobacco products, particularly cigarettes, often was associated with the cause of serious fires. As a result, in the late 1900s work was carried out by the NIST with funding from the U.S. Consumer Product Safety Commission (CPSC) to develop a means to measure the ignition propensity of cigarettes. CPSC's plan was that new standards could be developed that would help reduce the number of fire deaths related to cigarette smoking. 
New Opportunities -Short Term Needs in Fire Testing
The above discussion provides a summary of the development of tools for creating fire test methods. It describes the needs that fostered the development of fire test methods.
And, it describes the history associated with the development of North American fire test methods that have mostly become standard test methods used to help protect the public and property. It brings this history to the present, the beginning years of the 21 st Century, and it lays the groundwork for the future of fire test method development. At this point, it is time to attempt to look into the future. As the reader understands, the following discussion is strictly hypothetical, but it is based on perceived needs of the future and the possibility of additional advancements in engineering and science.
Fire measurement technology now has the scientific and computational tools to make significant advancements in the development of fire safety standards for materials, products, buildings, and transportation. Use of these tools has directed attention to improvements needed in fire testing. As demonstrated by the World Trade Center disaster, new approaches are needed for evaluating fire performance of the following items:
• Improvements are needed in fire tests of spray on and other thermal protection systems for structural members.
• Fire resistance testing is needed for structural member fastener systems while carrying a design load.
• Reduced scale fire resistance testing of fastener systems for structural members that produce accurate scalable results for full size assemblies.
• Fire resistance testing is needed that will accurately quantify the thermal and structural load carrying performance of long span beam and floor structural systems.
These items identify advancement needs for testing structural components, assemblies, and systems under realistically simulated fire and load conditions. The objective for these new tests would be to enhance structural performance so that uncontrolled building fires result in burnout without partial or total collapse.
In addition to the immediate needs in fire testing listed above, there will be a growing set of needs with advancements in technology and computational capability. As has been the case over the last decade or so, computer modeling has begun to influence the way that fire testing is conducted. There has been significant discussion concerning the types and quality of measurements needed for fire tests and how these data can be applied to computer models for estimating fire hazard. America to better understand ignition processes associated with flying fire brands and how to protect buildings from them. 78 Fire tests will likely be needed for determining the performance of building ventilation systems, utility penetration systems, roofing materials, exterior finishes, and window systems.
• Fire measurement technologies are needed that define the ease with which materials ignite. The ignition of materials is an important element associated with fire growth and heat release rate for fires. By controlling the ignitibility of materials, it will have a direct impact on the rate of fire growth associated with the ignition of secondary materials. This reduces the chance of flashover and will directly impact the production of dangerous quantities of carbon monoxide and other toxic fire gases.
• Although controlling rate of heat release for materials has a significant impact on fire toxicity, work is still needed to better control the production of toxic pyrolysis and combustion products. Improvements are needed in fire test methods for toxicity that will allow for more accurate predictions of the toxic affects of fire gases on humans. Control of the pyrolysis and combustion toxicity of materials reduces the threat from one of the major contributors to the death of humans from fire.
• With the move away from the use of oil products for energy production, transportation, and home heating new fire test methods may be needed to address the possibilities of unique fire conditions associated with the proposed alternate fuels (e.g., alcohol, compressed natural gas, and hydrogen) and other new fuels that may be developed.
• Also the move to alternative and renewable energy sources may create new hazards associated with fire in which unique fire test methods are required to quantify the performance of home heating systems that may include items such as fuel cells, advanced photovoltaic systems, and hydrogen based systems.
• Fire test methods may be required for the evaluation of new classes of materials that are based on advancements in materials sciences that possess unique fire properties.
• As humans move from earth to space-bound destinations, new challenges associated with the needs of fire testing have been emerging. Some of the issues already under study include "micro-gravity" combustion processes and combustion processes in atmospheres different than that found on Earth. The first fire tests conducted in space by the United States were done on the Skylab Space Station, in 1974, and work has continued on the Space Shuttle and on the International Space Station. 79, 80 Also, as commercial access to space develops materials used in the construction of spacecraft and space habitats (laboratories, hotels, and recreation facilities, etc.) will be required to meet some form of fire safety standards. Additionally, as space exploration continues, the understanding of combustion processes of materials unique to non-terrestrial conditions (e.g. different gravity, different atmospheric pressure, and different gas concentrations) may eventually be required.
A Look into the Distant Future of Fire Testing
Like all things, the need for fire testing will ultimately come to an end. It will end gracefully as science and engineering develop uniquely crafted materials that will not burn. However, there may still be a need for some materials that have a combustible nature. With these materials the understanding of their properties, which would have come from fire testing, will come through rationalization by the intelligent machines that create the materials. These intelligent machines, when asked, will provide a detailed assessment of how the materials will ignite before they are instantly extinguished by interactions with miniature protective elements within the materials or by other materials that sense combustion and have the capability to independently initiate a fire suppression process. Human interactions associated with the control of unwanted fires will only exist through thought connected communications with the intelligent machines or by verbal discussions with the machines that are hopefully under human control and serving the best of human needs. At this point in time, human life will be radically different. If you really want to conduct a fire test on a material, the intelligent machine will provide live action virtual images of the requested fire test with its time based outcome calculated from accurate physics and chemistry based computer codes. At the end of a hard day of work, the fire in your virtual fire place will be a realistic active holographic simulation that emits radiant energy as it mimics the flicker of the moving flame, and the comforting smell of wood smoke seeping from the fireplace into the room will be generated by the "Highly Articulate Linguistic" intelligent machine, in the burning wood scent that you enjoy the most. As the machine completes its reading of this brief history of fire testing to you, you will throw another virtual log onto the fire, the holograph displays the newly calculated burning behavior as the log ignites and begins to burn, you will lean back in your most comfortable fire-proof furnishing, take a sip of your favorite wine, close your eyes, and dream of the exhilarating "Good Ole Days" of fire testing.
Summary
As can be seen by the reader, this thesis is an attempt to provide order to the development of science and engineering that support the establishment of fire testing, describe the situations that signaled the needs for fire test method development, and to establish a general historical timeline for the processes that brought fire test methods to their current state of maturity. It has also provided an opportunity to discuss the current needs associated with fire testing and provides opportunities for projecting the concepts of fire testing into the future. The future of fire science and fire testing starts with this
